ABSTRACT
INTRODUCTION
provides an explanation for at least a portion of this variation in tubulin subtypes. However, it has been suggested that in Chlamydomonas there may be as few as four tubulin genes (6, 7) and that some tubulin subunlt heterogeneity may arise as a result of post-translational modification (9, 10). He now provide definitive evidence for four distinct genes in Chlamydomonas based on coupled data from both Southern analysis of total genoralc DNA and from restriction enzyme mapping of the four tubulin genes cloned into the bacteriophage, Charon 30. Additional results Indicate that the four genes give rise to four distinct tubulin mRNAs that are synthesized in a highly coordinate fashion during flagellar regeneration. These data which suggest that at most four types of tubulin subunits are produced by translation in Chlamydomonas are discussed in regard to new evidence froa our laboratory that the posttranslational modification of certain flagellar tubulins may be dependent upon flagellar outgrowth.
MATERIALS AMD METHODS
Strains and growth conditions. Cultures of C^_ relnhardi strain 137C+ or 137C-were maintained under conditions previously described (19) for synchronous vegetative growth or for gamete formation.
Isolation of nRHA and DNA. RNA and DNA were extracted from either vegetative or gametic cells by methods previously described (6) or by a modification of procedures by Wolf (20) and Gonzalez et^ a^. (21) . Garnetic cells to be deflagellated were harvested, concentrated 10-fold, and then deflagellated by pH shock (22) . Except where indicated in figure legends, cells were allowed to regenerate flagella for 40 min, then quick-chilled on ice, and harvested by centrifugation. Pelleted cells were lysed in 2Z Sarkosyl, 100 mM Tris-HCl pH 8.8, 10 nH EDTA, 100 mM NaCl and 0.4 ng/ml predigested Prooase as previously described (6) . At this stage, one of two alternative procedures was followed: 1) Total nucleic acid was extracted with chloroform-phenol and ethanol precipitated (6). When needed, polyadenylated mRNA was obtained by fractionatlon of total nucleic acid on oligo (dT)-cellulose columns. We can not rigorously rule out the possibility that any one of the four size classes of tubulin mRNA may contain more than one distinct molecular species. However, It nay be noted that the cDNA plasmld, pFTBl, which we described earlier (6) hybridizes strongly with only the largest of the two 6 tubulin mRNAs ( To insure that the chicken B tubulin cDNA clone used in some of our experiments detected all of the 8 tubulin genes in Chlamydomonas, we also carried out a Southern analysis of genomic DNA cleaved with a variety of enzymes and probed with the 2.1 kb fragment from the Bam HI site to the Xho I site of a cloned 82 tubulin gene which contains all or nearly all of the coding region (see Fig. 5 ). This homologous probe detected the same restriction fragments as the chicken 8 tubulin cDNA probe and no others (Fig. 4A) . The left margin gives molecular sizes (in kb) for some Hind III and Eco RI restriction fragments of X DNA which were used as size narkers (detected by ethldium bromide staining). Each fragment has been designated by its hybridization characteristics as being a portion of the B^ or B2 tubulin gene. In Figure 2B , the band labelled (1, 2) is a doublet of two fragments, one fragment containing sequences from the Bl tubulin gene and the other from the B2 tubulin gene. The low amount of label in the two bands marked (1) indicates that these fragments may have a small region with limited homology to the 3' probe. All other minor bands can be accounted for as partial digestion fragments of the B^ and 62 tubulin genes (see Figure 5 ). Figure 2 . A) Autoradlograph of restriction enzyme fragments of the Chlamydomonas 6^ (designated with the number 1 above or below the respective fragment) or Q2 (designated with the number 2) tubulin genes probed with the 32 P nick-translated 2.1 kb fragment from the Bam HI to Xho I sites in the coding region of the @2 gene (see Figure 5) . Lane 1 contains a radioactively labelled Hind III digest of the bacteriophage X. Labelled bands corresponding to partial digests of the genes are denoted by numbers with prime marks (see the restriction maps of Figure 5) . B) Autoradiograph of restriction enzyme fragments of the Chlamydomonas a^ (designated with the number 1) or 02 (designated with the number 2) tubulin genes probed with "p nick-translated a tubulin cDNA from chicken. Again numbers with prime marks denote partially digested gene fragments. The number designations of the two a genes (i.e. aâ nd 02) have been made arbitrarily and may or may not correspond to the number designations of the two a tubulin mRNAs.
set of a and f3 tubulin gene clones. One or more clones from each family were then subjected to restriction enzyme analyses with a variety of enzymes having six base pair recognition. The resulting restriction maps were completely compatible with all of the Southern analyses of genomic DNA that we had previously performed (the data of Fig-2 and Fig. 4 being examples of  such analyses) . The subset of restriction fragments within the four cloned genes which hybridized with cloned Chlamydomonas or chicken tubulin cDNAs (i.e., transcribed regions) were the only fragments that were detected by Southern analyses of restriction enzyme digests of total genomic DNAindicating that the genes cloned into Charon 30 represented all of the tubulin genes in Chlamydomonas. Restriction enzyme maps of the four tubulin genes based on a combination of restriction enzyme analyses of both genomic DNA and the cloned genes are presented in Figure 5 . While the restriction maps of the &± and 62 genes show little similarity, the restriction sites within the transcribed regions of the <*i and 02 genes show marked similarities which suggest the possibility of gene duplication during recent evolutionary times. Nevertheless, the distances between the Sal I restriction sites for the two a tubulin genes are slightly, but distinctly, different (i.e., the two largest Sal I fragments in the Sal I cluster of the c^ gene are approximately 500 bp and 140 bp while those for the 02 gene are approximately 530 bp and 180 bp). Finally, we conclude that the four tubulin genes are not tightly linked since the restriction enzyme mapping data dictate that the minimum spacing between any two of the tubulin genes must be greater than ten kilobases.
DISCUSSION
The results of Southern analyses of genomic DNA (Figs. 2 and 4) as well as the characterisation of cloned tubulin genes (Fig. 5) provide firm evidence for only four tubulin genes in Chlamydomonas -two genes encoding Information for the a tubulin subunits and two encoding information for the 0 tubulin subunits. The presence of two size classes of a tubulin mRNA and two size classes of S tubulin mRNA in cells producing tubulin either during cell division or flagellar regeneration suggests that all four tubulin genes are expressed whenever tubulin synthesis is required by the cell. This suggestion is further strengthened by the observation that in the case of the B tubulin genes the 3'-specific cDNA clone, pFTBl, hybridizes to only the larger species of fi tubulin mRNA (Fig. IB) and to only one of the 6 tubulin genes (Fig. 2) nr TTI i i il Figure 5 . Restriction maps of a and S tubulin genes from Chlamydomonas. Southern analyses of restriction fragments from total genomic DNA probed with •^P-labelled cDNA clones of tubulin mRNAs and restriction analyses of genomic DNA clones containing a and g tubulin genes (see Materials and Methods for details) were combined to construct the restriction maps above. Our knowledge concerning cutting sites for the individual restriction enzymes employed does not extend beyond the most leftward site and the most rightward site depicted for each enzyme in the four maps. Solid boxes denote known transcribed regions for the tubulin genes. For the 62 tubulin gene, the size of the mRNA dictates that most of the DNA in the 2.1 kb fragment from the Bam HI to Xho I sites (solid box) is transcribed. The specific 5' and 3' limits of the transcribed regions for the remaining tubulin genes, are known to be within the restriction fragments indicated by the stippled areas. In the 02 tubulin gene, a Sal I site for which the data is still tentative is represented by a vertical dashed line.
Chlamydomonas.
The synchronous appearance and disappearance of all four tubulin mRNAs ( Fig. 1C and D There is a high degree of conservation of amino acid sequences within a or B subunits of tubulin isolated from a number of diverse organisms (33) (34) (35) (36) .
The conservation of structure extends to the level of nucleotide sequence as evidenced by comparisons of tubulin genes from different organisms (35, 37) and is reflected in the strong cross-hybridization of tubulin cDNA clones with mRNAs of widely divergent origins (17) . In the studies presented here, 
